Human immunodeficiency virus type 1 subtype C (HIV-1C) has become the most prevalent subtype in the current AIDS epidemic (32, 76) and is predicted to dominate in the coming years (32, 76) . Responsible for the largest proportion of HIV-1 infections worldwide, HIV-1C apparently accounted for 47.2% of new HIV-1 infections in the year 2000 (76) . Distinguishing features of the HIV-1C epidemics include but are not limited to (i) a high prevalence rate (up to 20 to 40%) in the adult population (93, 94) , (ii) higher odds of vertical transmission (81) , (iii) high viral loads (68) , (iv) a high level of viral diversity (24, 72, 95) , (v) preferential CCR5 coreceptor usage (1, 19, 78, 92) , and (vi) a number of unique subtype signatures across the viral genome (39, 72, 82, 84) .
Vaccine protection against pathogenic simian immunodeficiency virus or simian-human immunodeficiency virus was demonstrated in a series of experiments with nonhuman primates (reviewed in references 6, 49, and 65). The induction of strong cytotoxic T-lymphocyte (CTL) responses that are able to control viral replication and prevent clinical disease progression was shown to be a necessary component of successful vaccination in a rhesus macaque model (8, 10, 12, 13, 77, (5, 10, 14, 25, 34, 40, 44, 45, 64, 86, 87) and bacterial (3, 29, 37, 46, 47, 55-57, 62, 73, 80, 89, 90) vectors expressing HIV-1 antigens were reported to elicit potent HIV-1-specific CTL responses, including efficient mucosal immunity. The role of CTLs in inducing and maintaining efficient immune responses was addressed in a number of HIV-1 vaccine trials (43) . However, viral escape from CTL recognition during the course of experimental infection (4, 33) or from vaccine-generated CTL protection (11) in the rhesus macaque model suggested a functional impairment of CTLs and highlighted the critical role of stimulation of both neutralizing antibodies and cellular immune responses in achieving vaccine protection.
Ideally, vaccine formulation should target the induction of protective immune responses against HIV-1 and, in particular, broadly protective CTL responses. However, correlates of immune protection are still unknown, and a reliable mechanism to distinguish and select protective immune responses is not yet available. The ability of the immune system to focus T-cell responses to a distinct profile of epitopes, defined here as immunodominance (17, 98) , raises interest in the protection potency of the epitopes. Identification of immunodominant epitopes or epitope-rich immunodominant regions that can stimulate a broad range of HIV-specific CTLs may offer the best mode of protection (38) and is a legitimate approach to vaccine design. Assuming that the overall CTL responses in the natural course of HIV-1 infection include protective immune responses, we attempted to identify HIV-1C-specific CTL responses across the entire viral genome on a population level.
The identification of immunodominant regions and fine mapping of epitopes are intimate parts of preparedness for vaccine trials, including vaccine design and development. However, within the extensive list of identified HIV-1-specific epitopes (53) , there is an obvious lack of non-B subtype epitopes representative of the areas or populations most affected by the AIDS epidemic. Despite a demonstration of cross-clade immunity in HIV-1 infection (18, 22, 31, 63, 97) , a number of subtype-specific immune responses have been reported (23, 30, 83) and warrant further studies to address the comparative significance of cross-reactive versus clade-specific HIV-1 immunity.
Recently we characterized virus-specific CTL responses within four HIV-1C proteins, namely, Gag, Tat, Rev, and Nef (70) . In this study we extended screening of CTL responses to all HIV-1C proteins in the cohort of HIV-infected but asymptomatic blood donors in Botswana, a southern African country with a high prevalence of HIV-1C infection. We focused on the comparative analysis of the magnitude and frequency of CTL responses in the course of natural HIV-1C infection. The main question addressed in this study was comparative cell-mediated responses across the HIV-1C proteins on the population level. CTL responses were analyzed by using the gamma interferon (IFN-␥) ELISPOT and overlapping synthetic peptides that spanned all HIV-1C proteins. CTL responses were ranked by their magnitude and frequency and were expressed as normalized cumulative HIV-1C-specific CTL responses, which reflected both (i) the essentials of the predominant circulating virus and (ii) specificities of the genetic background of the Botswana population through the major histocompatibility complex (MHC) class I restriction of CTL responses. These identified immunodominant regions throughout HIV-1C should be considered in the design of a vaccine for the population of southern Africa.
MATERIALS AND METHODS
Study subjects. Sample collection was performed according to the guidelines of the Institutional Review Boards of the Ministry of Health of Botswana and the Harvard School of Public Health as described previously (70) . Briefly, peripheral blood mononuclear cells (PBMC) were isolated from the discarded blood units obtained anonymously from asymptomatic donors who tested HIV seropositive at the National Blood Transfusion Centre in Gaborone, Botswana, during the period from February 2000 to July 2001. Details of the HIV testing and sample selection were described previously (70) . The total number of study subjects was 105. Plasma viral load data were available for 103 cases (median, 37,769 copies/ ml; range, Ͻ400 to Ͼ750,000 copies/ml). CD4 and CD8 data were available for 98 study subjects. The medians for CD4 and CD8 counts were 434 and 984, and mean values were 451 and 1,006, respectively. As described previously (70) , samples were assigned for the ELISPOT screening of HIV-1C-specific CTL responses based on the actual PBMC viability and availability prior to when any relevant information, including viral load, CD4, CD8, viral sequence, or HLA typing data, had become available. Plasma viral load, CD4 and CD8 counts, and HLA type were determined as described previously (70) .
Synthetic peptides. PBMC were screened for CTL responses in the IFN-␥ ELISPOT assay within HIV-1C Gag, Pol, Vif, Vpr, Tat, Rev, Vpu, Env, and Nef by using overlapping peptides of 15 to 20 amino acids (aa) in length that overlapped by 10 aa. Forty-nine HIV-1C Gag synthetic peptides that corresponded to the sequence of isolate 96ZM651.8 (accession number AF286224) were received from the National Institutes of Health AIDS Research and Reference Reagent Program. HIV-1C consensus amino acid sequences were generated based on the full-length genome sequences (67, 71, 72) . A program, PeptGen (21) , was employed for the design of most of the synthetic peptides. Peptides spanning variable regions were represented by two or three variants. Peptides were commercially synthesized using 9-fluorenylmethoxy carbonyl chemistry. The purity of peptides was established by high-pressure liquid chromatography and in most cases was Ͼ85%.
ELISPOT assay. HIV-1C-specific CTL responses were measured by quantification of the IFN-␥ release in a screening ELISPOT assay as described previously (70) with overlapping synthetic peptides representing the HIV-1C consensus sequence (21), a standard method widely used in CTL epitope screening studies. Briefly, MultiScreen 96-well membrane plates (MAIP S45; Millipore) were coated with 100 l (0.5 g/ml in phosphate-buffered saline) of an anti-IFN-␥ monoclonal antibody, 1-D1K (Mabtech AB, Nacka, Sweden). Synthetic peptides were added directly to wells at a final concentration of 10 M following an extensive phosphate-buffered saline wash. Frozen PBMC were thawed, washed in R10 twice, and plated into the wells at a concentration of 25,000 to 100,000 cells/well. The plates were incubated at 37°C with 5% CO 2 for 20 to 40 h. Incubation with biotinylated anti-IFN-␥ monoclonal antibody 7-B6-1 (Mabtech AB) and streptavidin-alkaline phosphatase conjugate (Mabtech AB) was followed by color development with an alkaline phosphatase conjugate substrate kit (Bio-Rad, Hercules, Calif.). IFN-␥-producing cells were counted by direct visualization or by using a stereomicroscope and were expressed as spot-forming cells (SFC) per million PBMC. The number of specific IFN-␥-secreting T cells was calculated by subtracting the negative control value. The negative controls were Ͻ30 SFC per million PBMC. Only responses with a magnitude of Ͼ100 SFC per million PBMC were considered positive responses in all screening tests, which corresponded to Ͼ10 spots at the PBMC concentration of 100,000 per well. The CD8 ϩ T-cell specificity of the IFN-␥ ELISPOT-based responses to synthetic peptides was demonstrated previously by others (41, 42) and us (70) in a series of CD8 and CD4 depletion and enrichment experiments. Cumulative CTL responses were measured as described previously (70) by summarizing the responses of per-patient analyses. Thus, the responses were cumulative because they represent summed immune responses, which reflect both magnitude and frequency. Comparison of cumulative CTL responses among HIV-1C proteins was performed by normalizing the data for the number of study subjects screened (the cumulative CTL responses observed per particular peptide were divided by the number of study subjects screened). Thus, the responses were normalized to avoid influence of the number of samples tested, which allowed us to compare and rank them between and across the viral proteins.
Amino acid diversity. To compute pairwise distances within the regions, an alignment of the HIV-1C sequences was used (71) . Amino acid distances were calculated by the PROTDIST program with the PAM model (35, 36) .
Statistical analysis. Statistical analyses and basic graphical delineations were performed using SigmaPlot 2001 (SPSS Inc.), Splus version 6.0 (Insightful Corp.), and Microsoft Excel 2000 (Microsoft Corp.) enhanced by the package Analyze-it (Analyze-it Software, Ltd.). Adobe Illustrator version 8.0 software was used for final graphical presentation. The frequency of CTL responses was compared between HIV-1C proteins by using a chi-square test. For the samples with a positive response, the magnitude of CTL responses was compared between HIV-1C proteins by using a Wilcoxon rank sum test. A rank-based test was used rather than a two-sample t test because the CTL responses tended to be skewed and nonnormal and because it appropriately accounted for the censoring of within-well ELISPOT responses of Ͼ50 spots/well. Because CTL responses to different proteins were measured with samples from the same individuals, the independent-samples assumption of the chi-square and Wilcoxon tests could potentially be violated. However, the CTL responses to a variety of synthetic peptides that represented distinct viral proteins and expressed different amino acid sequences were measured. Also, CTL responses were grouped into sets on the peptide basis but not on the sample/individual basis or CTL response basis. Therefore, CTL responses to each peptide can be considered independent sets, and thus the tests are valid, at least approximately.
For both CTL frequency and magnitude, a total of 91 pairs of proteins were compared. To adjust for the large number of tests, the false discovery rate procedure was used (15) , with the rate of false-positive tests controlled to less than 5%. Therefore, of the findings identified as statistically significant, fewer than 5% are expected to be false.
To assess whether mean pairwise diversity in an immunodominant region was different than that in the entire corresponding protein, a modification of a one-sample t test that accounted for nonindependence of the differences in pairwise distances was used. The test is a one-sample analogue of the two-sample test introduced previously (71) . Briefly, the numerator of the Z-statistic is the average of the differences in pairwise distances between subregions and complete regions. The denominator is the standard error of the numerator. To compute it, with n as the number of sequences, there are m ϭ n(n Ϫ 1)/2 differences in pairwise distances, and a calculation described in reference 71 shows that c ϭ m(m Ϫ 1) Ϫ m(n Ϫ 2)(n Ϫ 3)/2 of the m(m Ϫ 1) pairs of differences of pairwise distances have positive correlation due to sharing of a common sequence. Following reference 71, by assuming a common correlation and estimating it by Pearson's correlation, r, the standard error equals the square root of [(1/m) ϩ (c ϫ r/m
2 )] multiplied by the standard deviation calculated by using all differences in pairwise distances. The resulting Z-statistic was compared to a standard normal distribution to test the null hypothesis. Since many tests were conducted, the false discovery rate procedure was used to determine the cutoff P value that implies statistical significance. All tests were two tailed. Table 1 ). The highest magnitude was detected within the subset of synthetic peptides straddling the Gag p24 (mean value of 388 SFC/10 6 PBMC; median, 300 SFC/10 6 PBMC), followed by Gag p2/p7/p1/p6 (mean value of 292 SFC/10 6 PBMC; median, 271 SFC/10 6 PBMC) and Nef (mean value of 278 SFC/10 6 PBMC; median, 241 SFC/10 6 PBMC). The lowest magnitude was in the Vpu (mean value of 142 SFC/10 6 PBMC; median, 122 SFC/10 6 PBMC). Comparison of the magnitudes of the CTL responses between the HIV-1C proteins revealed a number of significant differences ( Table 2 ). The magnitude within Gag p24 was significantly higher than that in any other HIV-1C protein, except for the Gag region that corresponded to the nucleocapsid and p6 domain, in which case the difference was not statistically significant. Nef demonstrated a higher magnitude than the Pol (except RNase H) or Env proteins, as well as Vif and Vpr. Differences between Nef and p17, Nef and p2/p7/p1/p6, Nef and RNase H, Nef and Tat, or Nef and Rev were not statistically significant, indicating that CTL epitopes that originated in these regions can induce comparable magnitudes. The average magnitude of the HIV-1C-specific CTL responses in responders was 344 SFC/10 6 PBMC (95% confidence interval [CI], 310 to 378) within the entire Gag protein, 215 SFC/10 6 PBMC (95% CI, 193 to 237) in Pol, and 197 SFC/10 6 PBMC (95% CI, 178 to 216) in Env.
RESULTS

Magnitude
The density of HIV-1C-specific CTL responses, measured as a number of significant CTL responses normalized by both a number of peptides and a number of samples, was addressed ( Frequency of HIV-1C-specific CTL responses. To address the frequency of the HIV-1C-specific CTL responses and their profiles, the ELISPOT-based CTL responses to each synthetic peptide were presented in the form of the fraction of tested samples responding to a particular peptide for all HIV-1C proteins (Fig. 2A) . The average frequency of CTL responses across all viral proteins was relatively low (mean value, 4.3%; 95% CI, 3.8 to 4.8%; median, 3.4%). The frequency varied in a wide range from 0 to 32%, which illuminated a dramatically uneven distribution of CTL responses across and within the HIV-1C proteins. The frequencies of CTL responses to a number of synthetic peptides within Gag p24, Vpr, Tat, Env gp41, and Nef were at the level of 20%, while in two cases the frequencies reached 32.2 and 30.4% (Gag p24 and Tat, respectively).
The spectrum of frequencies of CTL responses within and between HIV-1C proteins is presented in Fig. 2B . Table 3 highlights significant differences in the CTL frequency between different proteins. Overall, Gag p24 and Nef demonstrated higher frequencies, while Pol proteins, Vpu, and Env gp120 showed the lowest frequencies. The frequencies of CTL responses in Gag p24 and Nef were significantly higher than those in Gag p17, Pol protease, Pol RT, Pol RNase H, Pol integrase, Vif, Rev, Vpu, Env gp120, and Env gp41. The Nef frequency was also higher than those in Gag p2/p7/p1/p6 and Tat. Peptides spanning Pol RNase H, Pol integrase, and Env gp120 demonstrated a significantly lower frequency of CTL responses than any other HIV-1C protein, except for the Pol RT and Vpu.
Cumulative HIV-1C-specific CTL responses. By combining data on CTL magnitude and CTL frequency, we introduced normalized cumulative CTL responses as a focal feature of the HIV-1C-specific immune response on a population level. The nature of normalized cumulative HIV-specific CTL responses reflects both the viral and the host components in a local AIDS epidemic. The predominant circulating virus in a given geographic area, Botswana in particular, was mirrored through the synthetic peptides that were synthesized based on tangible viral sequences analyzed recently in Botswana (66, 67, 71, 72) . The MHC class I HLA types or alleles that are common locally in Botswana were echoed in the normalized cumulative CTL responses through the restrictive nature of the viral antigens presented on the cell surface for recognition by CD8 ϩ T cells. Thus, the reported normalized cumulative HIV-1C-specific CTL responses might represent an instantaneous trait of the population-based immune response in the current HIV-1C epidemic in Botswana.
The profiles of normalized cumulative HIV-1C-specific CTL responses across the viral proteins are presented in Fig. 3 . CTL responses were spread out extremely unevenly both between and within viral proteins. Placed on the same scale (Fig.  3) , normalized cumulative CTL responses (i) demonstrated the relative contribution of each HIV-1C protein to the CTL responses and (ii) highlighted particular regions with high and low levels of CTL responses across HIV-1C proteins. Gag p24 contained the highest peaks of cumulative HIV-1C-specific CTL responses, followed by a number of relatively high peaks in Nef and fewer peaks in RT, integrase, Vif, Vpr, Tat, gp120, and gp41.
The normalized cumulative HIV-1C-specific CTL responses were ranked according to their value and frequency. The locations and sequences of the top 28 synthetic peptides associated with the strongest CTL responses are shown in Table 4 . These peptides were located in Gag (five peptides, including two pairs of overlapping peptides), Pol (five peptides), Vif (two peptides), Vpr (one peptide), Tat (two peptides), Env (four peptides), and Nef (nine peptides, including eight overlapping). The peptides demonstrated a frequency of CTL responses higher than 10% and a value of the cumulative CTL responses higher than 25. Eight synthetic peptides were found to represent the uppermost CTL responses in the HIV-1C (three in Gag, one in Vpr, one in Tat, and three in Nef; the value of cumulative the CTL responses is above 50) ( Table 4) .
Ranking the cumulative CTL responses allowed us to map 6 primary and 15 secondary regions across HIV-1C proteins that corresponded to both high magnitudes and high frequencies of CTL responses. Two out of six primary (immunodominant) regions (Fig. 4) were identified in Gag and corresponded to aa 171 to 190 (according to the HXB2 numbering system [54] ) and 291 to 320. Both Vpr and Tat contained one primary region that extended over aa 31 to 50 and 36 to 50, respectively. 
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Two primary regions were also identified in Nef, at aa 82 to 96 and 122 to 141. Altogether, the identified six primary regions spanned a region of 120 aa. Combined together (Fig. 4) Diversity within immunodominant regions. To address diversity within the identified immunodominant regions, a set of 73 nonrecombinant HIV-1C genome sequences (71) was utilized. Translated amino acid sequences spanning each of the immunodominant regions were aligned, and amino acid distances within the immunodominant regions were computed. Diversity within most of the immunodominant regions was lower than that within the entire corresponding protein ( Table   TABLE 3 4), and significant differences (with adjustment for multiple tests, a P value of Ͻ0.03 implies statistical significance) were observed in 17 out of 28 regions studied. All immunodominant regions within Env and Gag were less diverse than the corresponding entire region, most strongly for Env aa 552 to 571 (Env 552-571) (mean difference, 15.1%; 95% CI, 14.0 to 16.2%) and Env 702-721 (mean difference, 11.3%; 95% CI, 9.3 to 13.4%). In addition, three of five immunodominant regions in Gag p24 showed significantly less diversity than Gag p24, and five of nine immunodominant regions in Nef showed significantly restricted diversity. Furthermore Pol 894-911, Tat 36-50, and Vif 71-90 showed significantly less diversity. In contrast, seven immunodominant regions showed significantly greater diversity, most notably three of five immunodominant regions in Pol, Nef 1-16 (mean difference, Ϫ7.2%; 95% CI, Ϫ12.3 to Ϫ2.1%), Tat b Cumulative CTL responses were normalized by the number of samples screened with a particular set of synthetic peptides. c The amino acid diversity for a particular immunodominant region was compared with the amino acid diversity of the entire corresponding viral protein (P value and mean difference). difference, Ϫ13.5%; 95% CI, Ϫ16.5 to Ϫ10.4%), Vif 61-80 (mean difference, Ϫ6.8%; 95% CI, Ϫ9.5 to Ϫ4.0%), and Vpr 31-50 (mean difference, Ϫ7.5%; 95% CI, Ϫ9.9 to Ϫ5.0%).
DISCUSSION
Although the correlates of immune protection remain to be elucidated, eliciting HIV-1-specific CD8 ϩ T-cell responses remains a critical goal of vaccine design.
We have focused on the antigenic component of an HIV vaccine and have approached strengthening of the vaccine immunogenicity through the identification of the immune responses specific to the prevailing HIV-1 subtype on a population level. Our goal was to identify and rank potential CTL epitope-rich regions throughout HIV-1C that could be considered in a vaccine design. We analyzed the magnitude and frequency of CTL responses across the viral genome as essential elements and vital characteristics of the overall cell-mediated immune responses. Amplified on a population level, this measurement of virus-specific CTL responses has become an important attribute of the regional HIV-1C epidemic and provided an overview of the distribution and density of HIV-1C-specific CTL responses in the Botswana population (Fig. 1, 2A,  and 3 ).
In this study we addressed the magnitude, frequency and normalized cumulative HIV-1C-specific CTL responses in Botswana, a country with a very high prevalence of HIV-1C. Our previous study provided data for the profiles of CTL responses in four HIV-1C proteins (70) , while in this study we presented a comparative analysis and ranking of CTL responses throughout the viral genome. The CTL responses were analyzed for natural HIV-1 infections in asymptomatic HIV-1-infected blood donors, a cohort that fairly represented the general population in Botswana.
The extent to which the results of this study could be extrapolated to the general population in Botswana or to the nearby area would depend on how representative a chosen cohort of blood donors was in relation to the general population in the same geographic area. A comparative analysis of the MHC class I HLA allele frequencies within the general population in Botswana (69) and within the blood donors (70) revealed a similar distribution of the HLA alleles and antigen specificities within the HLA-A, -B, and -C loci. Taken in the context of the nature of MHC class I restriction of CD8 ϩ T-cell responses, similarities in the HLA allele frequencies between blood donors and the general population provided evidence that the profiles of CTL responses and identified immunodominant regions across HIV-1C might fairly represent the overall cell-mediated immune responses in the HIV epidemic in Botswana. Moreover, the predominant virus in the local HIV-1 epidemic was represented by the HIV-1C-specific synthetic peptides that were synthesized based on the actual sequences from Botswana and used in the study to quantify virus-specific CTL responses. This match provides an additional link between circulating virus and identified CTL responses in Botswana. The overall HIV vaccine design and development would benefit if a similar methodology for the analysis of virus-specific immune responses on a population level would be considered in other studies that target discrete HIV-1 subtypes and/or different populations in distinct geographic areas.
We observed an uneven distribution and disproportionate density of CTL responses in HIV-1C. An introduction of the normalized cumulative HIV-1C-specific CTL responses allowed us to identify a number of regions across HIV-1C that were associated with an increased level of virus-specific CTL responses in the Botswana population.
Differences in the magnitude and frequency of CTL responses between and within HIV-1C proteins highlighted the uneven character of CTL responses across the viral genome (Tables 1 to 3; Fig. 2B) . A phenomenon of CTL epitope clustering can be found within the HIV-1 proteins, namely, Gag, Pol, Env, and Nef (20, 27, 42, 53, 99 ). Although CTL epitopes were shown to be associated with more conserved regions in viral proteins (28, 85) , no preference for epitope clusters to be in either conserved or variable regions was reported (100) .
A profile of CTL epitope clustering might reflect specifics of immune responses to the predominant HIV variant in a particular population. The results of our study were consistent with the data of Goulder et al. (42) , who showed that the HIV-1C-specific CTL responses in Africans clustered within Gag p24, while HIV-1B-specific CTL responses in Caucasians grouped in Gag p17. In addition, profiles of HIV-1C-specific CTL responses in this study differed from the dominant HIV-1B-specific CTL responses in the regulatory HIV proteins Tat and Rev (2) and in the accessory proteins Vif, Vpr, and Vpu (53) with the locations of HIV-1C immunodominant regions in this study. The profiles of CTL epitopes and epitope-rich regions within most viral proteins, except gp41 and Nef, were noticeably dissimilar (data not shown). Taken together, differences in the distribution of CTL responses and a relatively unique nature of CTL profiles in Botswana might suggest that CTL responses depend on the predominant circulating virus and genetic background of the population. This might be particularly accentuated between distinct geographic areas that have a predominance of a particular viral subtype or variant and relatively homogeneous ethnicity of the population. In contrast, an absence of clustering and a deceptively even spread of CTL epitopes might be observed in geographic areas with multiple HIV-1 subtypes and/or circulating recombinant forms and heterogeneous hosts. Whether the profiles of virus-specific CTL responses differ between HIV-1 subtypes and/or between geographic areas and the extent of the difference are subjects for future studies.
Although a detailed analysis of the factors that can affect virus-specific CTL responses was beyond the scope of this study, it is noteworthy that molecular modification and en-hancement might improve immunogenicity and efficiency of vaccine constructs. For example, a deletion of 19 N-terminal amino acids in Nef that included the myristoylation site was shown to completely eliminate both MHC class I and CD4 down-regulation (79) , which might suggest that the first subdominant region in Nef (aa 1 to 16) should be omitted from the vaccine construct. Moreover, such factors as intracellular processing, binding affinity, and presentation efficiency of viral antigens can influence and alter CTL responses and should be considered in a vaccine design. The expression level of the MHC class I-peptide complex on the cell surface and the frequency of CTL precursors might impinge on the magnitude of virus-specific CTL responses (38) . Epitopes in a natural viral protein might not necessarily be optimal for binding to MHC molecules (74) . The flanking residues of the CTL epitopes may (16, 88) or may not (58) affect proper processing and recognition of the presented epitopes. Yield and availability (26, 50, 96) together with efficiency of CTL epitope processing (59) are believed to be major determinants of immunogenicity. Moreover, the use of cytokines and costimulatory molecules can enhance and steer CTL responses (9, 13, 48) . Therefore, the immunodominant regions identified across HIV-1C in this study warrant further research to address coherent engineering of vaccine constructs in order to achieve optimal processing and immunogenicity. Fine mapping of CTL epitopes within the identified immunodominant and subdominant regions could further improve the design of an HIV-1C vaccine. In addition, an extreme HIV-1 variability might hamper efficiency of immune responses and CTL competence in particular. Allen et al. reported that viral escape variants associated with mutations in Tat CTL epitopes emerged during acute simian immunodeficiency virus infection (4). In addition, Kelleher et al. described viral escape variants of HIV-1 Gag following the loss of the specific CTL response to Gag and the subsequent detection of partial reversion to the original wild-type sequence (51) . These findings do support our conclusion that given the high variability of HIV, the vaccine approach of incorporating consensus sequences rich in CTL epitopes of HIV should have a better chance to provide a broader coverage of HIV variants and to minimize the escape variants than those approaches that rely on limited viral genes derived from a single variant.
Our study suggested that inclusion of the identified immunodominant and subdominant regions into vaccine constructs may improve the immunogenicity of a vaccine designed specifically for the Botswana population. Multiple immunodominant regions should minimize viral escape from immune recognition due to simultaneous targeting of several viral proteins, even in the case when some of the immunodominant regions could not elicit sufficient immune responses. A CTLbased vaccine construct could include immunodominant and subdominant regions, for example, as a DNA plasmid encoding a tandem of CTL-rich regions across HIV-1C. The notion that tandemly repeated sequences can significantly potentiate B-and T-cell-mediated immunogenicity (52, 60, 75, 101) suggests that the use of tandem arrays of immunodominant CTL regions might be advantageous in HIV vaccine design. In contrast, immunologically silent regions with low magnitudes and frequencies of CTL responses might be omitted from the vaccine constructs.
Recently we identified consensus sequences that might be utilized for an AIDS vaccine design and demonstrated relative distance for the consensus sequences that represent different subsets of HIV-1C sequences (71) . Thus, a vaccine construct based on the consensus sequences of the identified immunodominant regions in Botswana could presumably be immunogenic in other southern African countries, assuming a relatively great overlap of common MHC class I HLA alleles between ethnic groups in southern Africa. Further molecular monitoring of the HIV epidemic might be required to guide additional modifications of the vaccine constructs to correspond to the current virus in the epidemic. In summary, this study focused on T-cell responses in natural HIV-1C infection in Botswana, a country severely affected by the AIDS epidemic. Comparative analysis revealed that the magnitudes and frequencies of the HIV-1C-specific CTL responses were spread unevenly across the viral genome, within and between most of the viral proteins. Regions with increased magnitude and/or frequency, as well as regions with low CTL responses or without CTL responses, were identified throughout HIV-1C. Profiles of cumulative HIV-1C-specific immune responses allowed us to identify and rank immunodominant and subdominant regions within viral proteins. The strongest CTL responses were identified within Gag p24, Vpr, Tat, and Nef. Subdominant CTL responses were also distributed in Gag p24, Pol RT and integrase, Vif, Tat, Env gp120 and gp41, and Nef. The study represented a comprehensive, systematic approach for an HIV vaccine design on a population level and suggested the inclusion of identified immunodominant regions into vaccine constructs to restrain the HIV-1C epidemic in Botswana.
